Rationale: Characterization of patterns of wheezing and allergic sensitization in early life may allow for identification of specific environmental exposures impacting asthma development.
Asthma, the most common chronic disease of childhood (1) , is a major public health problem associated with significant morbidity, mortality, and health care costs. Children living in the inner-city are particularly prone to develop asthma and to experience asthma morbidity (2) (3) (4) .
Reasons for the high asthma burden in this population include low socioeconomic status (5) , prenatal tobacco smoke exposures (6) , home exposures that promote asthma (7) including environments with low bacterial biodiversity (8) , and high prevalence of maternal stress and depression (6) .
Wheezing is often the first manifestation of childhood asthma, with approximately 50% of children experiencing at least one episode before the age of 6 years (9) . Recurrent wheezing and its evolution into asthma among preschool children reflect heterogeneous conditions representing multiple disease phenotypes, differing in age of onset, expression of symptoms, presence of atopic characteristics, treatment response, and long-term outcomes (9) (10) (11) (12) . Early childhood wheezing phenotypes have been grouped based on the pattern of wheezing (timing of presentation and potential resolution); type of airway inflammation; presence or absence of risk factors, such as allergic sensitization; and presence or absence of pulmonary function testing abnormalities (13) (14) (15) . A precise characterization of early childhood wheezing phenotypes can facilitate parent counseling regarding outcomes and prognosis (16) , and could be used for phenotype-driven therapy selection to decrease early-life asthma morbidity (17) .
Several patterns of early-life wheezing and their relationships to allergic sensitization have been described using supervised and unsupervised approaches (14, 15) . However, no study to date has attempted to simultaneously integrate multiple relevant longitudinal trajectories of specific disease-related factors in defining early-life wheezing and asthma phenotypes. In addition, it remains unknown if innercity children exhibit similar phenotypes as other populations. Based on these gaps of knowledge, we aimed to describe the relevant patterns of respiratory disease seen in early life in the URECA (Urban Environment and Childhood Asthma) study (18) , a birth cohort of inner-city children at risk for asthma based on parental allergic disease and/or asthma. We hypothesized that having precisely defined early-life respiratory phenotypes should enable more directed investigations into specific factors associated with asthma causation, such as environmental exposure to allergens, microbes, stress, and tobacco smoke.
Some of the results of these studies have been previously reported in the form of an abstract (19) .
Methods Study Design and Participants
The URECA birth cohort study was initiated in 2005 in inner-city Baltimore, Boston, New York City, and St. Louis. Methods of the study have been previously described (6, 18) . Pregnant women, whose children had a high risk of developing asthma because of a history of asthma, allergic rhinitis, or eczema in the mother or father, were recruited from prenatal clinics of the participating hospitals. Written informed consent was obtained from the women enrolled and, after birth, from the parent or legal guardian of the infant.
Data Collection
Maternal questionnaires were administered prenatally, and postnatal child health questionnaires were administered every 3 months through age 7 years. Annual visits included questionnaires, anthropomorphic measurements, pulmonary function testing, and phlebotomy. Questionnaires included the Perceived Stress Scale (20) and the Edinburgh Postpartum Depression Scale (21) .
Allergen-specific IgE levels (ImmunoCAP, Phadia) for foods (milk, egg, and peanut) and German cockroach were measured yearly at ages 1, 2, 3, 5, and 7 years, and allergen-specific IgE for house dust mites, dog, cat, mouse, and Alternaria were measured at ages 2, 3, 5, and 7 years. Prick skin testing was performed at 3, 5, and 7 years of age for 14 common aeroallergens (6, 18) . Positive tests were defined as a wheal greater than or equal to 3 mm larger than the saline control on prick skin testing or specific IgE greater than or equal to 0.35 kU/L.
Starting at age 3 years, spirometry and impulse oscillometry were performed annually in accordance with American Thoracic Society guidelines (22) . We were able to obtain acceptable spirometry from 60% of 3 year olds and 89% of 5 year olds (23) . At ages 6 and 7 years, reversibility was measured 15 minutes after four inhalations of albuterol hydrofluoroalkane metereddose inhaler, 90 mg per inhalation. At a separate visit at age 7 years, a methacholine challenge was performed (6) .
At a Glance Commentary
Scientific Knowledge on the Subject: Recurrent wheezing and its subsequent evolution into asthma during the preschool years reflects a heterogeneity of conditions that represent multiple disease phenotypes. These phenotypes differ in age of onset, symptomatology, concomitant atopic characteristics, and long-term prognosis. Prior research has categorized early childhood wheezing phenotypes based on patterns of wheezing (timing of presentation and potential resolution); type of airway inflammation; presence or absence of risk factors, such as allergic sensitization; and presence or absence of pulmonary function testing abnormalities. A precise characterization of early childhood wheezing phenotypes can facilitate parent counseling regarding outcomes and prognosis, and could be used for targeted prevention.
What This Study Adds to the
Field: Among inner-city children in the URECA (Urban Environment and Childhood Asthma) birth cohort study, we identified five respiratory phenotypes, defined primarily by patterns of wheezing and aeroallergen sensitization. Multiple early-life environmental exposures (maternal stress, depression, tobacco smoke, and indoor allergens and microbes) differentially associate with specific phenotypes. Furthermore, exposure to allergens, microbes, stress, and tobacco smoke may specifically modify the risk for high-wheeze respiratory phenotypes with and without allergic sensitization. These findings advance the identification of asthma endotypes, which may inform the development of mechanism-based strategies to prevent childhood asthma.
Cotinine levels were measured in cord blood plasma as previously described (18) . First-year home dust samples were assayed for allergenic proteins, including Bla g 1 (German cockroach), Can f 1 (dog), Fel d 1 (cat), Der f 1 and Der p 1 (house dust mites), and Mus m 1 (mouse) by ELISA (Indoor Biotechnologies). A sum of allergen exposure index was calculated from levels of exposure to Bla g 1, Mus m 1, Can f 1, and Fel d 1, as previously described (6) . House dust samples were profiled for bacterial microbiota using 16S rRNA biomarker sequencing, and diversity indices were calculated as previously described (6) .
Asthma Definition
In earlier work (6), we classified children as having asthma at age 7 years if at least one of the following three conditions was met: 1) a parent-reported physician diagnosis of asthma between age 4 and 7 years, combined with asthma symptoms or the use of asthma controller medication for 6 of the past 12 months; 2) provocative concentration of methacholine causing a 20% fall in FEV 1 less than or equal to 4 mg/ml or albuterol reversibility of FEV 1 greater than or equal to 10%, combined with asthma symptoms or use of asthma controller medication for 6 of the past 12 months; or 3) the report in the past 12 months of two or more wheezing episodes, two or more doctor visits for asthma/wheeze, one or more hospitalization for asthma/wheeze, and/or the use of controller medications for 6 of the past 12 months. Figure 1 provides a graphical overview of the analytic approaches taken. Our goal for the present analysis was to identify phenotypes of early-life respiratory health, focusing on childhood wheeze and asthma, that incorporated and maximized the value of the longitudinal nature of the URECA follow-up data. Variables considered in this analysis included symptoms (wheezing), allergic sensitization (prick skin tests, serum allergen-specific IgE), lung function (impulse oscillometry and spirometry), and body mass index (BMI) (see Table E1 in the online supplement). To take advantage of our longitudinal data, we first examined the variable trajectories over time using latent class mixed models, examining two to five patterns or trajectories for each variable ( Figures 1A and 1B) . We then analyzed goodness of fit (Akaike information criterion) ( Figure 1C ) along with investigator consensus to determine the best number of trajectories for each variable (see online supplement for details). The latent class mixed models could not identify separate trajectory groups for certain variables (e.g., FEV 1 , FEV 1 /FVC ratio), so these were recorded for later analyses as mean and variance over time per child. As a data reduction strategy, trajectory variables were evaluated for collinearity by studying the association between variables. For variable trajectories that were highly collinear (e.g., allergen-specific IgE by skin testing, allergen-specific IgE by serum testing, blood eosinophil counts, and serum total IgE), variables were selected that best represented their domain.
Statistical Methods
The selected trajectory variables and other relevant predictors (e.g., FEV 1 /FVC ratio) were then included in a Gower distance matrix ( Figure 1D ), which can handle mixed data types and grouped children according to their similarities and differences. Five different clustering algorithms were used, with solutions examining 2 to 10 groups. The optimal solution was chosen using four criteria: 1) a generalization of the within clusters sum of squares, 2) average silhouette width, 3) Dunn index, and 4) the ratio of average within versus average between clusters ( Figure 1E ). In our case, Partitioning Around Medoids algorithm produced the best solution with five groups (i.e., phenotypes) ( Figure 1F ). Further details concerning the statistical analysis can be found in the online supplement. For visualizing the high-dimensional distance matrix in a two-dimensional space we used t-distributed stochastic neighbor embedding, a nonlinear dimensionreduction technique using a machine learning algorithm. Internal validation techniques and results for both the trajectory construction and for the clustering algorithm are provided in the online supplement.
Overall differences among the phenotypes were tested using the chi-square test for categorical variables and the F test for continuous variables. For pairwise differences, we used the low-wheeze (LW), low-atopy (LA) phenotype as the reference group in a multinomial logistic regression model to test the relationships of selected exposures in the first 3 years of life as predictors of the resultant phenotypes.
Results

Study Population
Between February 2005 and March 2007, a total of 1,850 families were screened, 776 met eligibility criteria, and 560 newborns with gestational age greater than or equal to 34 weeks were enrolled at birth (6) . Of those enrolled, 442 (79%) were followed to the age of 7 years and had sufficient outcome data to classify whether they had developed asthma according to the three-part URECA criteria (6) . The population was mostly minority (71.9% African American, 19.7% Hispanic), low income, and at high risk for developing asthma on the basis of parental history (see Table E2 ).
Selection of Variables for Clustering Algorithm
Analyses for longitudinal trajectories of the variables chosen to represent the domains of wheezing symptoms, sensitization to aeroallergens, lung function, and BMI revealed three or four trajectories for each variable, and these trajectories had varied patterns ( Figure 2 ; see Figure E1 ). Next, the cluster analysis was performed using the categorical trajectory variables, along with the mean FEV 1 /FVC ratio and the variability of the FEV 1 /FVC ratio (reflected by the standard deviation of the FEV 1 /FVC) across ages 3 and 7 years. Trajectories of BMI changes over time did not contribute to the resolution of the resultant phenotypes and were therefore omitted from the clustering algorithm.
Relationship of Respiratory Phenotypes to Variables Used in the Algorithm
The algorithm identified five clusters of children, which we termed respiratory phenotypes. We examined differences in the variables that went into the algorithm to understand the composition of each respiratory phenotype ( Figure 1 . Pictorial representation of the methods used for determining URECA clusters/phenotypes. After construction of the latent class mixed models, we selected the optimal number of cluster solution for each variable under consideration. We subsequently combined all trajectories and nontrajectory variables into cluster analyses and determined the optimal solution using an ensemble model. AIC = Akaike information criterion; HA = high atopy; HW = high wheeze; IOS = impulse oscillometry; LA = low atopy; LW = low wheeze; TW = transient wheeze; URECA = Urban Environment and Childhood Asthma; XA = area of reactance. (Table 1) . Although differences in lung function variables among the respiratory phenotypes were less pronounced, the greatest impairment in lung function, a high X A reflecting peripheral airway obstruction (24) , was found in the two HW phenotypes (HW-LA, HW-HA) ( Table 1 ; see Table E3 ). FEV 1 and FEV 1 /FVC differed across the five phenotypes, with the greatest impairments noted among the HW-HA group ( Table 2) .
Relationship of Respiratory Phenotypes to Other Variables
The five respiratory phenotypes differed by sex distribution (Table 2) ; the LW-LA phenotype had a slight excess in the proportion of girls (57.3%), whereas the HW-HA phenotype included more boys (69.1%). Other phenotypes, including HW-LA, had an equal representation of boys and girls. As expected, the two phenotypes with substantial allergic sensitization (LW-HA and HW-HA) had higher proportions of children with high eosinophil trajectories (45.7% and 66.2%, respectively) and high total IgE trajectories (35.8% and 60.3%, respectively), compared with the three LA groups (Table 2) . Bronchodilator reversibility (>10%) was about twice as frequent in the LW-HA (50%), HW-LA (41.9%), and HW-HA (56.5%) phenotypes, compared with the LA-LW (25.3%) and TW-LA (23.8%) phenotypes. At age 7 years, FEV 1 and the FEV 1 /FVC ratio were lowest in the HW-HA group, whereas methacholine reactivity was similar among the phenotypes (Table 2) . Finally, other variables, including race/ethnicity and BMI trajectories, were not different among the five phenotypes.
Relationship of Respiratory Phenotypes to Asthma
We next evaluated the relationships between the respiratory phenotypes and our a priori yes/no definition of childhood asthma (6) . Asthma was present in 67.3% of the HW-LA subjects and 70.6% of the HW-HA subjects, whereas the LW-LA or TW-LA phenotypes had infrequent (1.7%) or no asthma, respectively (Table 2, Figure 3A) . The LW-HA phenotype had a low prevalence (14.8%) of asthma. To illustrate similarities in children classified by respiratory phenotype versus asthma yes/no diagnosis, a two-dimensional figure was created where individuals were separated by a distance metric derived from the wheeze, allergic sensitization, and lung function For FEV 1 /FVC ratio we were unable to obtain a trajectory solution. Instead, these data were analyzed as continuous variables rather than group trajectories. To account for both the overall average and its variability over the last 4 years, for each participant, we derived his/her mean and its SD, which are presented under mean and variability. Table 2 . House dust mite exposure levels were not used for the index given the low prevalences in this population.
ORIGINAL ARTICLE clustering variables. Evaluation of asthma yes/no definition yielded relatively homogeneous clustering between subjects with asthma and subjects without asthma ( Figure 3B ). The respiratory phenotypes also formed distinct clusters ( Figure 3C ), with most asthma cases coinciding with the two HW phenotypes (HW-HA, HW-LA). Notably, the TW-LA phenotype was quite distinct from each of the others. Children with HW-HA and HW-LA were more likely to have used inhaled (35.3% and 21.8%, respectively; P , 0.01) and oral (27.9% and 13.9%; P , 0.01) corticosteroids during the last year than participants in the remaining three phenotypes (,5% for inhaled or oral corticosteroids use in any group). The HW-HA phenotype contained the only participants (5.9% of HW-HA, 0% for the other four groups; P , 0.01) who were hospitalized during the study period for wheezing illnesses (Table 2 ; pairwise comparisons are shown in Table E4 ).
Association of Early Childhood Exposures with Respiratory Phenotypes
We previously reported that several early-life exposures (maternal stress and depression, antenatal environmental tobacco smoke exposure [cord blood cotinine], house dust bacterial microbiota, and allergen content) were associated with the risk of wheezing and asthma in the URECA population (8, 25) . We next tested the hypothesis that these exposures would be differentially associated with the URECA respiratory phenotypes. Indicators of maternal perceived stress and maternal depression differed between the phenotypes and were both greatest in the HW-LA children ( Figures 4A  and 4B ). Umbilical cord plasma cotinine levels differed significantly across the phenotypes (Table 2 ; P = 0.01), and was The frequency (%) of asthma was greater in the high-wheeze/low-atopy and highwheeze/high-atopy clusters (P , 0.01). (B and C) A two-dimensional distance matrix used in the construction of childhood URECA phenotype by asthma (B) and cluster group (C) is described by using t-distributed stochastic neighbor embedding, a novel dimension-reduction technique for high-dimensional data. HA = high atopy; HW = high wheeze; LA = low atopy; LW = low wheeze; t-SNE = t-distributed stochastic neighbor embedding; TW = transient wheeze; URECA = Urban Environment and Childhood Asthma.
most often detectable in the HW-LA, and least often detected in the TW-LA phenotype ( Figure 4C ). The sum of indoor allergen exposure (cockroach, mouse, cat, and dog) over the first year of life differed significantly across the five phenotypes (P = 0.02), with the highest cumulative exposure among LW-LA, whereas the two HW phenotypes (HW-LA and HW-HA) had the lowest cumulative exposures ( Figure 4D ). Finally, house dust microbial richness (P = 0.005) and phylogenetic diversity (P = 0.004) at 3 months of age differed significantly among the phenotypes (Table 2 ) and were lowest in HW-HA and highest in TW-LA (Figures 4E and 4F ; see Table E4 ).
Discussion
Childhood asthma is better regarded as a syndrome rather than a disease, and several phenotypes of asthma have been described based on patterns of symptoms, allergy, and lung function. To determine whether asthma and respiratory phenotypes could be related to early-life environmental exposures, we evaluated longitudinal and prospectively acquired data from a high-risk birth cohort of children growing up in low-income urban environments. After considering longitudinal trajectories of wheeze, allergic sensitization, and lung function, we have identified five distinct patterns of early-life respiratory health (i.e., phenotypes) that were differentiated primarily based on patterns of wheezing and development of aeroallergen sensitization. Notably, these respiratory phenotypes were differentially related to early-life exposures including maternal stress and depression, cord blood cotinine, and exposure to microbes and allergens in the home. Collectively, these findings suggest that there are specific respiratory phenotypes associated with distinct patterns of clinical characteristics, which are related to specific risk factors and perhaps differential causal pathways (i.e., endotypes). Multiple patterns of early-life wheezing, and their varying natural histories, have been described. Martinez and colleagues (9) first described three patterns of early-life wheezing (transient early wheeze, late-onset wheeze, and persistent wheeze) among participants in the Tucson Children's Respiratory Study. More recently, investigators have used nonbiased statistical approaches on large cohorts, generally confirming, and in some cases further refining, the wheezing patterns described by [26] [27] [28] . Similarly, several developmental trajectories of atopy have been described, highlighting patterns of highly sensitized and multiple early sensitization as significant risk factors for asthma (29) (30) (31) . Although unsupervised clustering approaches have defined several patterns of asthma and atopy development, often referred to as phenotypes, our approach was novel in several respects. First, our approach simultaneously included trajectories of multiple variables rather than focusing on one central variable, such as allergic sensitization. The inclusion of such trajectories also maximally incorporates a major strength of this study, longitudinally acquired data. Second, our cohort was comprised of highrisk children raised in urban environments who are particularly vulnerable to asthma development. Finally, we tested for associations between respiratory phenotypes and multiple early-life environmental risk factors.
Patterns of acquisition of allergic sensitization served as important differentiators between phenotypes, including both wheezing and nonwheezing groups. Notably, early onset and multiple sensitization trajectories were strongly associated with HW-HA, whereas the intermediate sensitization trajectory was more common in LW-HA. Allergic sensitization was also an important differentiating feature among children with wheezing. The HW-LA group was surprisingly large (n = 101) and outnumbered the HW-HA group (n = 68). However, although wheeze trajectories were similar between the two groups, the HA-HW group had the greatest expression of respiratory disease morbidity, including greater use of inhaled and oral corticosteroids, and included all of the children who were hospitalized for wheeze and asthma. These findings are consistent with other studies demonstrating allergic sensitization as a risk factor for asthma severity and exacerbations (32) . This relationship may be caused by greater airway inflammation in highly sensitized children, together with increased susceptibility to rhinovirus infections and virus-induced wheeze (33) (34) (35) . These findings are consistent with other cohorts, indicating that allergic sensitization should be considered as a continuous variable, and more significant aeroallergen sensitization in early life strongly predicts subsequent asthma.
Although lung function differences have been demonstrated in a cross-sectional study of inner-city children with a range of asthma severities (36) and among children with unremitting and multitrigger wheeze (10) , measurements of lung function trajectories among the URECA participants during the first 7 years of life did not provide much discrimination between phenotypes, possibly related to the relatively short period of time over which testing was performed (ages 3-7 yr) and the relatively mild asthma among affected individuals. However, similar to other birth cohorts (37, 38) , persistent wheeze phenotypes in URECA had lower FEV 1 and FEV 1 /FVC at age 7 years compared with never/ infrequent wheeze phenotypes. Furthermore, bronchodilator reversibility of at least 10% at age 6-7 years occurred least often in the LW-LA and TW-LA phenotypes, whereas approximately half of subjects in the LW-HA, HW-LA, and HW-HA phenotypes demonstrated reversibility. Despite this, the prevalence of bronchial hyperresponsiveness to methacholine at age 7 years did not differ between the groups, although more frequent use of inhaled corticosteroids in the HW groups may have resulted in lesser degrees of bronchial hyperresponsiveness in these groups. Ongoing longitudinal follow-up through late childhood/adolescence will help to further define the natural course of respiratory morbidity among these phenotypes.
One of the principal expectations and potential advantages for defining respiratory phenotypes is that more precise definitions of respiratory outcomes in URECA would reveal specific associations between earlylife risk factors and respiratory phenotypes. In fact, house dust microbiota, home allergens, maternal stress, and prenatal tobacco smoke each had unique associations. For example, low house dust microbial richness and diversity were associated with the HW-HA phenotype. These findings support and extend previous findings from the URECA cohort that house dust microbial richness was inversely associated with atopy at age 3 years (8) . Notably, these summary measures of house dust microbiome composition were not related to the asthma binary definition (yes/no) at 7 years of age in URECA (6), underscoring the need to more specifically define respiratory phenotypes in these populations to understand the early-life exposures that lead to their development. We also previously reported that maternal stress in the first few years was associated with recurrent wheeze at age 3 years (25) and asthma at age 7 years (6). Of the respiratory phenotypes, high maternal stress was specifically associated with HW-LA. Also, intrauterine smoke exposure, reflected by cord blood cotinine levels, was greatest and most frequent among children in the HW-LA phenotype. This may reflect lower lung function among infants with greatest intrauterine smoke exposure (39, 40) , which predisposes these children to recurrent wheezing without significant allergic sensitization. Finally, reduced exposure to indoor allergens was associated with the HW-LA and HW-HA phenotypes, suggesting a specific association with persistent wheeze and asthma regardless of allergic sensitization. These findings, which are consistent with observations at age 3 years in URECA (8) , suggest that microbes and allergens have distinct and complementary effects on the expression of allergic sensitization, wheeze, and ultimately asthma.
Several limitations should be considered in interpreting these findings. The URECA cohort consists of children born at high risk for the development of atopic disease and who are being raised in four low-income, urban areas in the United States; thus, these findings may not be generalizable to other populations. However, this may be less of a concern as we identified several parallels (e.g., trajectories of wheeze and atopy) with other birth cohorts (9, 29, 30) . In addition, most asthma in birth cohorts is of mild severity, and thus information about the early-life risk factors for moderate or severe asthma phenotypes is limited. Assessment of environmental tobacco smoke exposure was limited to prenatal exposure. Larger samples sizes may be required to identify interactions between respiratory phenotypes and BMI. Finally, the microbiota data represented a single sample reflective of house dust-associated microbes rather than the participants' personal microbiome (i.e., fecal or respiratory). We expect to learn more from repeated assessments of early-life microbial exposure and colonization. Ongoing longitudinal follow-up of this cohort will also shed light on the long-term natural histories of these phenotypes, including the risk of asthma among the LW-HA phenotype.
In conclusion, our findings support the premise that identifying respiratory phenotypes adds clarity to the search for the contributions of environmental risk factors to distinct forms of childhood asthma. In particular, the URECA data indicate that exposures to allergens, microbes, stress, and environmental tobacco smoke may specifically modify the risk for HW respiratory phenotypes with and without allergic sensitization. These findings move us closer toward the identification of asthma endotypes, with the ultimate goal of developing mechanism-based strategies to prevent childhood asthma. n
